Anti-inflammatory drugs prevent intestinal tumor formation, an activity related to their ability to inhibit inflammatory pathway signaling in the target tissue. We previously showed that treatment of Min/ + mice with the selective cyclooxygenase-2 (COX-2) inhibitor celecoxib induced rapid tumor regression; however, drug-resistant tumors appeared with long-term treatment. In this study, we investigated whole-tissue changes in inflammatory signaling by studying constituents of the tissue stroma and extracellular matrix. We found that celecoxib resistance was associated with changes in factors regulating autocrine transforming growth factor-β (TGFβ) signaling. Chronic drug treatment expanded the population of bone marrow-derived CD34 + vimentin + αSMA − myofibroblast precursors and αSMA + vimentin + F4/80 − myofibroblasts in the lamina propria and submucosa, providing a source of increased TGFβ and COX-2 expression. Membrane constituents regulating TGFβ availability, including syndecan-1 and heparanase-1, were also modified by chronic treatment in a manner promoting increased TGFβ signaling. Finally, longterm celecoxib treatment induced tissue fibrosis, as indicated by increased expression of collagen, fibronectin, and laminin in the basement membrane. We conclude that chronic COX-2 inhibition alters TGFβ signaling in the intestinal mucosa, producing conditions consistent with chronic inflammation. Cancer Prev
Introduction
Colorectal cancer (CRC) development is fostered by chronic inflammation, a condition associated with both sporadic tumor formation and inflammatory bowel disease. Consistent with this, nonsteroidal anti-inflammatory drugs (NSAID) exhibit antitumor properties. In human clinical trials, these agents inhibited the formation of new colorectal adenomas and also induced the regression of established tumors (1, 2) . The antitumor effect of NSAIDs is primarily achieved by inhibition of the cyclooxygenase-2 (COX-2) enzyme and its downstream product, prostaglandin E 2 (PGE 2 ), which is the primary mediator of inflammation in the colorectal mucosa. Recent human chemoprevention trials showed that the selective COX-2 inhibitor, celecoxib, reduced colorectal adenoma formation by as much as 68% in patients at high risk for CRC (3, 4) . Unfortunately, treatment with this drug and others in its class was also associated with increased risk of serious cardiovascular events, revealing an uncharacterized role of COX-2 in maintaining normal cardiovascular function (3, 5, 6) .
Previous work in our laboratory, using an animal model for CRC, showed that chronic administration of celecoxib was associated with resistance to its antitumor effect. In the Apc-deficient C57BL/6J-Min/ + (Min/ + ) mouse, short-term dietary celecoxib treatment (3 weeks) inhibited adenoma formation, COX-2 expression, and PGE 2 production, but long-term treatment (4-5 months) induced resistant tumors, with the level of tumor formation similar to that of untreated mice (7) . Both the tumors and nontumor intestinal mucosa of chronically treated mice showed the recurrence of high levels of PGE 2 and COX-2 expression (7) . In this tissue, however, we found minimal changes in the expression of PGE 2 receptors, lipoxygenases, or the multi-drug resistance transporter, MDR1 (7) . Understanding the cellular and molecular basis for this treatment resistance is important to improving the application of NSAIDs for chemoprevention.
In the setting of chronic inflammation, the intestinal stroma plays an active role in colorectal tumorigenesis, engaging in dynamic crosstalk with epithelial cells. In the normal intestine, COX-2 expression is restricted to the stromal compartment, with expression by fibroblasts, endothelial cells, or macrophages (8) . Myofibroblasts reside subjacent to the basement membrane and interact with enterocytes to regulate epithelial cell restitution and barrier function. These stromal cells also contribute to fibrosis and intestinal tumor progression (9) . Myofibroblasts participate in innate immune responses via signaling from surface pattern recognition receptors (TLR) that bind microbial products (10) . As a result of inflammatory conditions, myofibroblasts increase in number, and can be expected to produce greater amounts of PGE 2 in this setting. Myofibroblasts, therefore, may be critical in driving the occurrence and progression of precancerous lesions (11) . PGE 2 works in concert with ubiquitously expressed transforming growth factor β (TGFβ) during normal wound healing, but antagonizes the growth-inhibiting function of this cytokine during inflammation-associated tumorigenesis (12, 13) . TGFβ acts as a tumor suppressor and promoter depending on the cellular context (14) . TGFβ is secreted as part of a large complex that maintains a reservoir of latent ligand in the extracellular matrix (ECM) and requires specific processing for activation (15) . Targeted knockout mice showed that loss of TGFβ signaling in the intestine by epithelial, mesenchymal, or immune cells stimulated polyp formation, suggesting that balanced signaling by or between these cell types in the intestine promotes proper growth-regulating intracellular communication (16, 17) . Further supporting the crucial role of TGFβ in intestinal homeostasis, patients with a germ line mutation inactivating SMAD4, a downstream effector, develop multiple intestinal polyps and have an increased risk of CRC, a syndrome known as familial juvenile polyposis (18) . Finally, later loss of TGFβ signaling by inactivation of its primary receptor (TβRII) may be a factor in the progression of adenomas to invasive CRC in certain settings (19) . TGFβ expression is typically increased in the setting of chronic inflammation and tumor progression. TGFβ signaling is required for the differentiation of precursor cells into myofibroblasts, and it also engenders their acquisition of muscle-like contractility and ECM-remodeling capabilities (18) . Importantly, TGFβ signaling in myofibroblasts promotes intestinal fibrosis in the setting of inflammatory bowel disease (20, 21) . Together, these findings suggest that chronic intestinal inflammation changes the roles of TGFβ signaling and myofibroblasts in tumor-promoting ways.
Chronic intestinal inflammation also results in dramatic changes in the ECM. Heparan sulfate proteogylans (HSPG) are complex polysaccharides attached to cell surface membranes that regulate ECM homeostasis (22) . The transmembrane HSPG, syndecan-1, is expressed at the basolateral membranes of normal enterocytes and acts as a coreceptor by binding cytokines and growth factors at the cell surface. Syndecan-1 regulates the downstream signaling of both Wnt and TGFβ ligands, which are critical positive and negative regulators of intestinal cell growth and tumorigenesis (23) (24) (25) . In the intestine, the intact syndecan-1 ectodomain modulates innate immunity and maintains barrier function (26) . Cleavage of the HSPG extracellular moiety (ectodomain) or the heparan sulfate side chain by metalloproteinases, reactive oxygen species, or heparanase-1 (HPA-1), significantly alters the activity of syndecan-1 ligands (27) (28) (29) . In patients with inflammatory bowel disease, mucosal HPA-1 levels are increased, suggesting that cleavage of the syndecan-1 ectodomain is proinflammatory (30) .
The Min/ + tumor model allows us to observe how epithelial-stromal interactions change during tumorigenesis. We hypothesized that celecoxib resistance arises from time-dependent adaptations in enterocytes, stromal cells, and the ECM, which act cooperatively to promote PGE 2 production.
Materials and Methods

Materials
Five-week-old female C57BL/6J-Min/ + and Apc +/+ wildtype mice were purchased from The Jackson Laboratory. AIN-76A diet with/without celecoxib (1,500 ppm) was prepared by Research Diets. Heparinase (from Flavobacterium heparinum) was from Seikagaku, Corp., recombinant TGFβ1 (rTGFβ1) was from R&D Systems, and PGE 2 was from Cayman Chemicals. The trichrome stain (Masson) kit, HT15, was from Sigma. The antibodies used are listed in Supplementary Table S1 . All other reagents were the same as previously reported (7, 27) .
Immunohistochemical and histochemical staining analyses
Formalin-fixed paraffin-embedded 4 μm sections of ileum from Min/ + and wild-type mice were used for immunohistochemistry by standard techniques (7), except that in certain cases (syndecan-1, TGFβ, F4/80, CD34, fibronectin, and collagen IV), the blocking step was omitted and all solutions were prepared in Antibody Diluent (Invitrogen). Masson's trichrome staining to detect connective tissue used a kit following the protocols of the vendor. For laminin-5 γ2 immunohistochemistry, deparaffinized tissue sections were reacted with proteinase XXIV (0.125 units/50 μL) for 15 min prior to reaction with D4B5 antibody (27) . All experiments were repeated using tissues of at least three different mice from each treatment group.
Ex vivo treatments of wild-type small intestine
Freshly harvested ileum of 4-mo-old female wild-type mice was opened longitudinally, rinsed with PBS, and placed in tissue culture medium supplemented with 0.1% fetal bovine serum containing drug or vehicle only. Tissues were next incubated at 37°C in a humidified 5% CO 2 incubator for 30 min, as detailed (7) . Specimens were then preserved by formalin fixation and paraffin embedding prior to further analysis.
Immunoblotting
Immunoblots used total cell lysates of enterocytes scraped from the small intestinal lumen of Min/ + mice, as described (31) .
Results
Chronic treatment of Min/ + mice with celecoxib increased TGBβ signaling in the intestinal stroma Female Min/ + mice were treated for 4 months with celecoxib (1,500 ppm) incorporated into AIN-76A diet, starting at 8 weeks of age. Tumor counts in the small and large intestine confirmed that short-term celecoxib treatment significantly reduced the number of lesions; however, regrowth of resistant tumors occurred during long-term celecoxib exposure ( Supplementary Fig. S1 ). Western blotting showed that celecoxib treatment, both short-term and long-term, increased the overall level of TGFβ1, TGFβ2, and TGFβ3 (henceforth referred to as TGFβ) expression in Min/ + ileum ( Fig. 1 ). Serial sections of ileum were used to localize TGFβ expression, comparing the epithelial to the stromal compartments (Fig. 1A) . In untreated Min/ + ileum, TGFβ was expressed in the membrane of enterocytes, and in a moderate number of stromal cells. Short-term treatment produced little change in the stromal compartment, but was associated with increased TGFβ expression in the enterocyte cell membranes. A striking change in TGFβ expression was observed in the long-term-treated intestine, with a marked increase in the percentage of stromal cells expressing TGFβ accompanied by an overall decrease in enterocyte membrane expression. To learn whether the stromal cells expressing TGFβ engaged in canonical TGFβ signaling, we examined the expression and location of its transcriptional effector, Smad4, in treated tissues (Fig. 1B) . Smad4 nuclear expression in the crypts of normal Min/ + enterocytes was reduced in the ileum of long-term-treated mice, suggesting that in this compartment, signaling by the TGFβ family of ligands (TGFβ, BMPs, activins, etc.) was inhibited. Moreover, TGFβ signaling in the stroma was significantly altered by the duration of celecoxib treatment. Few stromal cells were positively stained for Smad4 after short-term celecoxib treatment, however, most were positive after long-term drug exposure.
Long-term celecoxib treatment was associated with syndecan-1 ectodomain shedding from enterocytes and release of ECM-sequestered TGFβ
TGFβ ligands associate with HSPGs in the ECM adjacent to the basal membrane of enterocytes, and cellular concentrations of HSPGs regulate ligand availability by sequestering these soluble mediators (15, 25) . To compare the location and levels of syndecan-1 and TGFβ in the ileum of untreated Min/ + mice from short-term and long-term-treated mice, we did parallel immunohistochemical and immunoblotting analyses (Fig. 2A) . The sections stained for syndecan-1 were those immediately adjacent to sections stained for TGFβ (Fig. 1A) , allowing us to assess the colocalization of these two proteins. As expected, syndecan-1 expression was observed in the basolateral membranes of enterocytes in untreated Min/ + small bowel, and within the crypt-villus unit, syndecan-1 expression seemed invariant ( Fig. 2A) . Several stromal cells in the lamina propria also expressed syndecan-1. In a pattern similar to that found for TGFβ expression, syndecan-1 levels were increased in enterocyte membranes of Min/ + mice treated in the short-term with celecoxib, but were strikingly reduced with long-term treatment. Because the epitope of clone 291-2 antibody is specific for the extracellular domain of syndecan-1, this loss from enterocyte membranes indicates surface shedding, a process associated with tumor promotion (29) . The number of stromal cells in the lamina propria expressing syndecan-1 was also modulated by the duration of celecoxib treatment, with low expression in short-term-treated ileum and high expression with long-term treatment. Immunoblots of total cell lysates to detect steady-state syndecan-1 levels showed that short-term treatment modestly increased syndecan-1 expression, but long-term treatment decreased this protein relative to the untreated control ( Fig. 2A) . If the syndecan-1 ectodomain is required to maintain latent TGFβ in the proper context for autocrine signaling in enterocytes, especially those in the proliferative compartment of crypts, then shedding of these HSPG-bearing portions after long-term treatment is expected to inhibit the negative growth control function of this cytokine.
HPA-1 cleaves intact transmembrane syndecan-1, releasing HSPG-bound growth factors. As a result, the expression of HPA-1 in stromal cells is expected to inversely correlate with enterocyte membrane syndecan-1 expression. This relationship was confirmed in treated Min/ + tissues by immunoblotting and immunohistochemical analyses (Fig. 2B) . In all specimens, HPA-1 expression was limited predominantly to stromal cells in the lamina propria and submucosa. The number of these HPA-1-positive stromal cells was strongly increased after long-term treatment of Min/ + mice with celecoxib. As shown in an adenoma from an untreated Min/ + mouse (Fig. 2C) , the expression of syndecan-1 and HPA-1 was inversely related in all tumors. This representative image also illustrates that these untreated tumors contained few, if any, HPA-1-positive or syndecan-1-positive infiltrating stromal cells.
To characterize the effects of inflammatory mediators on the membrane-localized expression of syndecan-1 in normal mucosa, we did separate 30-minute ex vivo treatments of wild-type small intestine with PGE 2 (200 nmol/L), bacterial heparinase (0.5 mU/mL), or rTGFβ1 (5 ng/mL; Fig. 2D ). Tissues were processed for syndecan-1 immunohistochemistry immediately after treatment. In this experiment, the negative control tissue (incubated in medium without drug) retained the syndecan-1 ectodomain at the basolateral membranes of enterocytes. However, syndecan-1 was completely lost from these sites after separate treatments with PGE 2 and heparinase, and diminished after treatment with rTGFβ1. We assume that our treatment conditions simulated physiologic responses because near-normal tissue morphology was preserved in all of the specimens. These results show that the appearance of Min/ + enterocytes following chronic treatment with celecoxib was induced in normal untreated tissue in response to PGE 2 , TGFβ1, and heparinase.
Long-term celecoxib treatment increased the number of myofibroblasts in the intestinal stroma Next, we identified the cell responsible for expression of syndecan-1, TGFβ, and HPA-1 in the stroma of Min/ + ileum. Serial sections were stained to identify myofibroblasts, which coexpress vimentin and α-smooth muscle actin (αSMA; ref. 9). We then counted and analyzed the number of double-positive cells in the lamina propria as a function of treatment time (Fig. 3A) . Short-term celecoxib treatment significantly decreased the number of myofibroblasts in Min/ + mucosa, but long-term treatment produced the opposite effect. Celecoxib-resistant tumors serially stained for αSMA, vimentin, Smad4, and HPA-1 showed clustered infiltrates of myofibroblasts, which were absent in untreated tumors (Fig. 3B) . We also determined the relationship between stromal Cox-2 expression and treatment. Consistent with previous studies (7), stromal cells with the characteristic morphology of myofibroblasts showed high expression of Cox-2 in long-term-treated Min/ + ileum but not in this tissue from mice treated for 3 weeks (Fig. 3C) . Finally, immunoblotting analysis for TGFβ in lysates of pool small bowel tumors from treated and untreated Min/ + mice showed that expression of this cytokine increased after long-term celecoxib treatment ( Supplementary Fig. S2 ).
Myofibroblast precursors, or fibrocytes, originate from CD14 + CD16 − bone marrow-derived monocytes, and home to sites of inflammation and wound healing (9) . Fibrocytes are distinguished from myofibroblasts in that they are CD34 + , vimentin + , but lack expression of αSMA. We did immunohistochemistry for CD34 on untreated and treated Min/ + ileum and confirmed that CD34-positve staining in the submucosa and surrounding crypts was increased in Min/ + treated long-term with celecoxib relative to untreated and short-term-treated mice. This difference (Fig. 4A) . We then immunostained serial sections to detect vimentin + CD34 + cells. Double-positive cells were very rare in untreated and short-term-treated Min/ + ileum (data not shown), but were readily visible in the submucosa of Min/ + treated long-term (Fig. 4B) . Consistent with the recruitment of precursor cells from the circulation, Ki-67 and vimentin immunostaining of serial sections showed minimal stromal cell proliferation in the mucosa of any of the treatment groups (data not shown). Bone marrow-derived myeloid precursors also home to inflamed tissue and differentiate into macrophages. Using antibody for the mature macrophage marker, F4/80, the immunohistochemistry of the entire treatment set of tissues showed that these cells were not abundant in the Min/ + mucosa and did not significantly change with the duration of celecoxib treatment. Representative F4/80 immunostaining is shown ( Supplementary  Fig. S3 ). Taken together, these data suggest that chronic celecoxib exposure recruited bone marrow-derived precursors to the ileum and that a fibrocyte lineage subsequently expanded the resident myofibroblast population size. 
Long-term celecoxib treatment induced intestinal fibrosis
In response to the activation of TGFβ signaling, both fibrocytes and myofibroblasts expressed proteins that alter ECM composition (32) . Downstream TGFβ transcriptional targets include various collagens, fibronectin, and laminins. These observations indicate that the presence of increased numbers of myofibroblasts and their elevated TGFβ signaling in the intestine of long-term-treated Min/ + mice would be associated with increased ECM deposition. In our experiments, Masson's trichrome staining of long-term-treated Min/ + ileum showed increased connective tissue (blue staining) in both the submucosa and the basement membrane subjacent to villus enterocytes (Fig. 5A) . The opposite effect was observed in shortterm-treated Min/ + mice. Cross-sections obtained at the crypt level showed that collagen surrounding the crypts was present in long-term-treated Min/ + mice but not in the short-term-treated animals (Fig. 5A, right) . Because collagen deposition can be enhanced by aging, and the life span of Min/ + mice treated long-term with celecoxib was extended by 2 months relative to untreated animals, we did Masson's staining on additional controls to determine if collagen deposition was due to aging or drug resistance ( Supplementary Fig. S4A ). Increased collagen was not found in the submucosa or basement membranes of ageand gender-matched Min/ + mice fed a normal chow diet. Moreover, a similar negative result was also observed in 8-month-old Apc 1638/+ mice that, like Min/ + , bear a germ line Apc mutation but have an attenuated polyposis/tumor phenotype and a life span of ∼1 year. Finally, to confirm that collagen deposition was increased in long-term-treated Min/ + ileum, we did immunohistochemistry for collagen IV, the predominant type of collagen in the intestinal submucosa, and obtained results consistent with those of the Masson stain (Supplementary Fig. S4B ).
Additional ECM constituents targeted by TGFβ include fibronectin, laminin-5, and collagen type I, which are all proteins modulated during tissue remodeling, fibrosis, and tumor progression (9, 10). Chronic treatment with celecoxib dramatically increased fibronectin expression in the submucosa, and the expanded population of myofibroblasts was strongly positive for this ECM protein (Fig. 5B) . Consistent with increased TGFβ in the stromal compartment, immunoblotting analysis showed that fibronectin and collagen 1A1 were both upregulated in chronically treated intestine and in untreated tumors and in long-term-treated Min/ + adenomas (Fig. 5B) . Laminin-5 stimulates cell migration and invasion, and has been implicated in tissue remodeling and colon cancer progression (33) . Immunohistochemical staining of 7-month-old Min/ + mice fed a normal diet without drug showed relatively low expression of collagen 1A1, fibronectin, and laminin-5, similar to the AIN-76A-fed Min/ + controls (Supplementary Fig. S5 ). Lastly, immunohistochemistry to detect laminin-5 levels showed increased expression in the pericryptal regions of the small bowel submucosa and in the lamina propria of villi in longterm-treated Min/ + mice (Fig. 5C ). These data collectively indicate that chronic exposure to celecoxib induced intestinal fibrosis.
Discussion
Inflammation and tumor formation are closely linked, and these studies define some of the elements driving this association in the tumor-prone intestine of the Min/ + mouse. The normal inflammatory response exists to permit wound healing and microbial defense, and requires time-dependent coordination of both epithelial and stromal signaling elements. Tumor formation is promoted when inflammation persists. We found that a brief period of PGE 2 inhibition both reduced tumor formation and induced changes in the intestine suggesting the suppression of the stromal inflammatory response (7) . In contrast, tumor production and COX-2 expression were increased during long-term administration of celecoxib, which also produced a striking reduction of anti-inflammatory syndecan-1 in enterocyte membranes, coincident with the upregulation of TGFβ signaling in the tissue stroma (Fig. 1) . HSPGs such as syndecan-1 create a reservoir for TGFβ and locally secreted Wnt proteins, providing important modulation of autocrine and paracrine signaling. Loss of HSPG function at enterocyte membranes should alter both epithelial and stromal cell differentiation and growth. In agreement with this, loss of syndecan-1 from the enterocyte membranes was associated with increased numbers of myofibroblasts in the lamina propria and submucosa, further evidence of increased TGFβ signaling and tissue remodeling. We conclude that chronic inhibition of COX-2 defeats the purpose of NSAID chemoprevention, likely because this condition results in a compensatory increase in stromal myofibroblasts, the source of COX-2, PGE 2 , and TGFβ in the intestinal mucosa.
These results from the Min/ + tumor model are supported by work in human tissues from the Adenoma Prevention with Celecoxib (APC) trial. The APC trial randomized patients at high risk for CRC to receive either placebo, celecoxib 200 mg twice daily, or celecoxib 400 mg twice daily. Patients treated with celecoxib had a significantly reduced risk of adenoma development over 1-year and 3-year surveillance intervals (3, 34) . In a subset of patients, magnification chromoendoscopy was done at baseline and after 8 to 12 months of treatment to identify rectal aberrant crypt foci (ACF) and to obtain biopsy specimens of both ACF and normal mucosa. These tissues were studied using immunohistochemistry to characterize inflammatory mediators, including the TGFβ signaling partner, SMAD4. SMAD4 expression did not vary between normal rectal mucosa and ACF; however, SMAD4 expression in baseline ACF was a predictor of the primary outcome measurement of the APC trial, i.e., adenoma recurrence at either the year 1 or the year 3 study colonoscopy (35) . Patients who had reduced levels of SMAD4 in their ACF were less likely to have recurrent adenomas detected during the APC trial. In patients with intact nuclear SMAD4 expression at baseline, 80% developed recurrent adenomas, compared with 18% of those with reduced SMAD4 levels (risk ratio = 0.23; P = 0.01). When the effect of treatment was considered, the prognostic value of SMAD4 expression remained. This result from a human chemoprevention trial is consistent with the relationship between TGFβ signaling and celecoxib antitumor response observed in Min/ + mice. Crosstalk between critical signaling pathways in response to stress conditions is a likely basis for acquired resistance to celecoxib. The key pathway necessary for enterocyte proliferation, Wnt signaling, is codependent on PGE 2 to affect tissue regeneration (36) . Previously, we showed that PGE 2 stimulated enterocyte growth and survival in Min/ + mice via transactivation of the epidermal growth factor receptor (37) . Crosstalk also exists between PGE 2 and TGFβ pathways in the intestine. For instance, mesenchymal loss of LKB1, the upstream regulator of TGFβ-dependent myofibroblast differentiation, caused polyp formation (38) . Cox-2-PGE 2 and TGFβ signaling pathways both activate the transcriptional proinflammatory and antiapoptotic programs of nuclear factor-κB. Relevant to our work is the finding that TLR4 enhanced TGFβ signaling and fibrosis, as well as Cox-2 expression, in the normal intestine and in colitis-associated tumorigenesis (11, 15, 18) . TLR4 signals with the adaptor myeloid differentiation factor (MyD88) to activate nuclear factor-κB proinflammatory signaling, increasing Cox-2 expression. Suppressing this signaling pathway inhibited intestinal tumor growth because MyD88 −/− Min/ + mice survived longer and bore slower growing tumors with lower Cox-2 expression (11) . However, at sites of inflammation, or in tumors in which concentrations of inflammatory cytokines and TGFβ ligands are high, dose-dependent cross-control of TGFβ, nuclear factor-κB, and c-Jun NH 2 -terminal kinase activation occurs (39) . This signaling reciprocity, in turn, dictates biological outcome, including drug sensitivity or resistance (40) . Consistent with this view, a selective IKKβ inhibitor, designed to inhibit nuclear factor-κB signaling, exacerbated intestinal inflammation upon prolonged administration by increasing cytokine IL-1β secretion (41) .
In addition to the inflammatory mediators produced by stromal myofibroblasts, these data suggest other mechanisms for enhanced tumor formation in the Min/ + model. For example, intestinal barrier function is the gatekeeper blocking the development of inflammation, and is dependent on E-cadherin-mediated epithelial cell-cell adhesion. We showed previously that small bowel enterocytes in Min/ + mice displayed deficient E-cadherin-mediated cellcell adhesion, a defect normalized by 3 weeks of celecoxib treatment (31) . Others have reported on the role of syndecan-1 on the basolateral surfaces of enterocytes in barrier function maintenance (26) . Our results are consistent with this finding because syndecan-1 expression was increased in the basolateral membranes of enterocytes from Min/ + treated short-term with celecoxib. In addition, separate ex vivo treatments of wild-type small bowel with PGE 2 , TGFβ, or heparinase each induced syndecan-1 ectodomain loss, reproducing the appearance of ileum from chronically treated Min/ + mice (Fig. 2D ). This result indicates that PGE 2 , HPA-1, as well as TGFβ, have negative effects on the anti-inflammatory functions of syndecan-1.
Our results have implications for the chemoprevention of patients at high risk for CRC. Although the APC trial treated patients for 3 years with celecoxib without demonstrating an overall increase in tumor formation, it is possible that chronic use in humans will mimic results from the Min/ + model. Just as some patients are more prone to inflammatory conditions of the intestine, resistance to the antitumor activity of celecoxib may develop in patients at different rates, perhaps related to interindividual differences in TGFβ signaling. These data suggest that the use of celecoxib for adenoma prevention should be limited to short-term treatment intervals, for a minimum period allowing the tissue to return fully to a baseline state before re-starting medication. Two other observations argue for this approach. First, in patients with familial adenomatous polyposis, celecoxib induced the regression of existing adenomas (2), and as a result, chronic administration should not be required for chemopreventive efficacy. In addition, celecoxib use at high doses was associated with cardiovascular adverse events, and regimens that limit treatment duration should minimize this risk. In summary, these data show long-term consequences resulting from chronic COX-2 inhibition that should be considered in clinical settings warranting this treatment.
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